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\ A E D C - T R - 7 5 - 5 3  

PREFACE 

This final report describes the work performed by General Applied 
Science Laboratories, Inc. (GASL), under Contract No. F40600-74-C-0004 
on an optical technique to be used in a high Reynolds number fac i l i ty  
for model deformation measurements. The report presents f i rs t  the 
measurements conducted at GASL using an experim?ntal arrangement which 
simulates the test conditions of the fac i l i ty .  Based on these results 
the report outlines the configuration of the proposed measuring system 
and, in particular, the procedure for an automated processing of the 
experimental data. 

The reproducibles used in the reproduction of this report were 
supplied by the authors, Manlio Abele and Ernest Sanlorenzo. 



AEDC-TR-75-53 

SECTION 

I 

I I  

I I I  

IV 

DESCRIPTION 

INTRODUCTION 

DATA RECORDING SYSTEM 

2. i  In t roduct ion 

2.2 Test Grids 

2.3 Camera and Film Select ion 

CORRELATION OF MEASUREMENT OF GRID POSITION 
AND IMAGE PARAMETERS 

3.1 In t roduct ion 

3.2 Cor re la t ion  of the Grid Images of  the 
Two Cameras wl th the Test Grid 

3.3 Cor re la t ion  of One Grid Image wi th the 
Test Grid Pos i t ion 

3.4 Cor re la t ion  of Grid Images wi th Test 
Grid D is to r t i on  

3.5 Analysis of  the Photographic Data 

PROPOSED INSTRUMENTATION 

4,1 In t roduct ion 

4.2 Camera Arrangement 

4.3 Scanning and D i g i t i z i n g  of the Images 

4,4 Conclusions 

REFERENCE 

PAGE No. 

5 

7 

7 

7 

9 

14 

14 

14 

19 

23 

25 

42 

42 

43 

45 

56 

56 



AEDC-TR-75-53 

LIST OF ILLUSTRATIONS 

FIGURE 

i 

2 

3 

4 

5 

6 

7 
8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

2S 

TITL__._.EE PAGE No. 

Schematic of the Data Recording Sysem -8 

Element of Test Surface wi th  the Line Grid 8 

Frame of  the Test Surface 10 

Support of  the Test Surface 10 

Camera and i t s  Support 11 

Sequence of  Images of  the Test Grid 13 

Frame of Reference of the Two Cameras 16 

Reference System of  the Image of the Test Grid 17 

Reference System of Test Grid and Grid Image 20 

Period )~ of  the Grid Image versus x 26 

P lo t t i ng  of X versus ~ fo r  6¢ = O, and 6~=+ 2" 30 

Posi t ion of  Grid Image Lines for  Three Values of  6¢ 32 

In ter ference Pattern Corresponding to the Superior 
Pos i t ion of Images 6¢ = O, 6¢ = 2°and 6¢ = O, 6¢=4 ° 33 

Hoi rd Pattern 34 

Ef fect  of  Change of Grid Center Pos i t ion fo r  
¢=45 ° , e=i ° 36 

Effect  of Change of Grid Center Pos i t ion fo r  
e=49 ° , e=30 ° 37 

Effect  of  Change of Grid Center Pos i t ion fo r  
¢=60° ' e=55° 38 

Ef fect  of  Angle of  Attack fo r  an Angle of 22 ° 30' 
Between Grid Axis and Test Section Axis 39 

Values of -ez,  m Heasured from the Grid Images versus 
the values of e z, Measured D i r e c t l y  for  D i f f e r -  
ent Angles of At tack 41 

Photo-Son ics Came ra D i mens ions 44 

Schematic of  Camera Arrangement 46 

Schematic of  the Scanning System 51 

Grid Image wi th Reference Points 52 

Grid Image Observed on the Screen of  the Video 
Honi tor  of  the Quantimet 720 Scanner 54 

Enlarged Image Observed on the Video Honi tor  55 

4 



AE DC-TR-75-53 

SECTION I 

INTRODUCTION 

Under Contract FhO600-74-C-OOO4 GASL has conducted a f e a s i b i l i t y  study of  
using a Hoir~ technique for  measurement of aerodynamic model deformation 
in the high dens i ty ,  high Reynolds number tunnel f a c i l i t y  (HI RT). This 
work consisted of  a combined theore t ica l  and experimental study of  the 
p r i n c i p l e  of  operat ion of several possible var ia t ions  of the basic Hoird 
technique. The study resul ted in the recommendation of a p a r t i c u l a r  tech- 
nique which makes use of  a gr id  phys ica l l y  appl ied to the surface of the 
model at the point  of  i n te res t .  Images of  the gr id  are taken wi th two 
cameras in both undis tor ted and d is to r ted  condi t ions of  the surface of  the 
model. The images are then processed to determine the pos i t ion  of the gr ids 
In the undistor ted condi t ions as well  as the magnitude of  the d i s t o r t i o n  
suf fered by the gr ids during the test .  

The actual implementation of the recommended measuring technique for  the 
HIRT f a c i l i t y  is the subject of the work program described in th is  report .  
Two major components are required in the measureing technique: a system of  
two cameras looking at the test  surface through su i tab le  windows in the 
Inner wall  of  the test  sect ion and a scanning system which au tomat ica l l y  
ex t rac ts  from the images of the gr ids a f f i xed  to the test  surface the per- 
t i nen t  data in d i g i t a l  form. The output of  the scanning system is the0 
processed wi th  standard computing software to determine the d i s t o r t i o n  of 
the test  surface. The main problems in se lect ing the camera system ar ise 
from the s t r ingen t  geometrical requirements of camera locat ion ,  f i lm ing  
speed, f i l m  reso lu t ion and large number o f  images in each tes t .  A f i lm ing  
speed close to 200 frames per second is required to co l l ec t  the images of  
the tes t  gr id  wi th  s u f f i c i e n t  time resolut ion of  the tes t  run and a high 
reso lu t ion f i lm  is required to generate the images of the gr id  wi th  s u f f i -  
c ient  d e f i n i t i o n  of the gr id  parameters. Commercially ava i lab le  f i lms and 
lenses make is possible to select a 35 mm format fo r  the cameras thereby 
reducing the cost and complexity which would ar ise in a larger  format. 
The problem of camera format and f i lm  se lect ion has been invest igated in 
the current  program by s imulat ing gr id  dimensions and camera arrangement 
of  the f i na l  system. Several candidate f i lms have been tested and the 
images obtained wi th the same lens of the f i na l  system have been analyzed. 
The resu l ts  of  th i s  par t  of  the work is presented in Chapter 2. 

Images of  a test  gr id  were sys temat ica l l y  co l lec ted at pos i t ions and o r ien ta -  
t ions s imulat ing the d i f f e r e n t  parts of  the surface of a test  model over the 
to ta l  range of spec i f ied model dimensions and p i tch angles. Also at each 
pos i t ion  images were taken over the ranges of t rans la t ions  and ro ta t ions  
s imulat ing the local d i s t o r t i o n  of the test  model. The geometrical parameters 
of the images were measured wi th  a microscope and corre la ted wi th the tes t  gr id  
pos i t ion  and o r i en ta t i on .  In add i t ion ,  the images were e l e c t r o n i c a l l y  scanned 
in a commercially ava i lab le  image analyzing system to determine the basic requi re-  
ments of the f i na l  instrumentat ion.  The resul ts  are presented in SECTION I I I  

5 
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together wi th  the set of equations which provide the d i s t o r t i o n  values from 
the measured image parameters. 

SECTION IV of th is  report  presents the basic conf igura t ion  of the candidate 
instrumentat ion.  F i r s t  camera arrangement and camera se lect lon are discussed. 
Second the data processing system which includes the f i lm  scanner and the 
image analyzer and d i g i t i z e r  is discussed. In p a r t i c u l a r  the log ic  of the 
measuring and analyzing process is presented wi th the basic requirements of 
the operat ional  system. F i n a l l y ,  the conclusions and recommendations fo r  a 
possible improvement of  the measuring prec is ion are presented. 

6 
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SECTION II 

DATA RECORDING SYSTEH 

2.1 INTRODUCTION 

The f e a s i b i l i t y  study described in Reference (1) resu]ted in the recommenda- 
t ion of  a data recording system [ ] l u s t r a t e d  by the schematic of Figure (1). 
Two movie cameras, C, C' , are mounted outside of  the test  sect ion wi th a 
90 =ang]e  between the two opt ica l  axes. The tes t  surface S is located 
w i th in  the f i e l d  of  view of the two cameras. The measuring technique requires 
a gr id  or a d i s t r i b u t i o n  of gr ids b u i l t  into the surface of the model. Images 
of the gr ids are taken with the two cameras in beth s i tua t ions  of  undis tor ted 
and d is to r ted  test  surface to provide the data required ~or the computation of  
the loca] d i s t o r t i o n .  

This sect ion presents the work performed in the simulat ion of the arrangement 
of  .Figure (1) and the resul ts obtained in the opt ica l  measurement of the geo- 
metr lcai parameters of the gr id images, 

2.2 TEST GRIDS 

Rather than bu i ld ing a w ing- l i ke  s t ruc ture  to simulate a typ ica l  tes t  surface 
i t  was decided to bu i ld  an element of  tes t  surface with the dimensions of  a 
gr id and to mount i t  on a supporting s t ruc ture  where both t rans la t i ona l  and 
ro ta t iona l  degrees of freedom can be independently con t ro l led .  This arrange- 
ment has the advantage of providing a maximum f l e x i b i l i t y  in covering the 
en t i re  range of speci f ied geometrical parameters and s imp l i f i es  the problem 
of a d i rec t  measurement of  pos i t ion and o r i en ta t i on  of the test  gr id .  

Based on the resul ts  presented in Reference (1) a l ine  gr id  was selected with 
a 1 mm period and a one-to-one ra t i o  of  l ine width and spacing. A length of 
150 mm was selected for  the gr id wi th a resu l t ing  to ta l  number of  l ines of 150. 
The width of  the gr id has no bearing on the measurements and was a r b i t r a r i l y  
selected a t ~ / q n ~ ( 3 / 4  inches). 

4 

To accommodate th is  gr id the element of test  surface was b u i l t  with a rectangular 
aluminum block 190 mm long and 19 mm wide. The l ines of  the gr id were b u i l t  
f i r s t  by machining rectangular grooves .5 mmwide and .3 mm deep in to the sur- 
face of the aluminum block. Subsequently the grooves were f i l l e d  wi th a dark 
grey epoxy and the block was machined again to obtain a uniform plane surface 
wi th no d i scon t i nu i t y  between epoxy and metal. A p ic ture  of such a gr id  is 
shown in Figure (2). 

Three ident ica l  l ine  gr ids were b u i l t ,  one to be used as the tes t  element of 
surface, and the other two provide the reference points in the experimental setup. 



A E D C-T R -78-83 

- 2 . 8 4 m -  -~' 

C C 

90 

S c 
J 

FIGURE I .  SCHEMATIC OF THE DATA RECORDING SYSTEM 

FIGURE 2. ELEMENT OF TEST SURFACE WITH THE LINE GRID 
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The tes t  element of surface wi th  the gr id  is mounted in the frame shown in 
Figure (3).  The frame is b u i l t  in such a way that  the gr id  can be rotated 
about three axes which are perpendicular to each other and have in common 
the center of the g r id .  In add i t ion ,  the g r id  can be bent about an axis 
pa ra l l e l  to the l ines over a radius of curvature as small as 1 m and can be 
t rans la ted in a d i rec t i on  perpendicular to I ts  surface by a maximum disp lace-  
ment of 100 mm. 

The frame of Figure (3) is attached to the support shown in Figure (4) which 
al lows the p o s s i b i l i t y  of ro ta t ing  the test  g r id  about a hor izonta l  axis to 
simulate the range of p i tch  angles. The gr id  frame can also be t rans la ted 
both along the ve r t i ca l  column and the hor izonta l  arm to simulate d i f f e r e n t  
pos i t ions of the gr id  on the surface of the test  model over dimensions of 
90 cm. One observes In Figure (4) the supports of the two add i t iona l  gr ids 
which simulate reference points of the test  model in the HIRT f a c i l i t y  required 
to separate the e f fec ts  of  d i s t o r t i ons  of the test  model support from the d is -  
t o r t i o n  of the tes t  model i t s e l f .  

2.3 CAMERA AND F[LM SELECTION 

Several laboratory  medium speed movie cameras in the 35 mm format are commer- 
c i a l l y  ava i lab le  and can be read i l y  adapted to th is  p a r t i c u l a r  app l i ca t i on .  
These cameras can provide the required frame rate w i th  e l e c t r o n i c a l l y  con- 
t r o l l e d  e l e c t r i c  dr ive and precis ion f i lm  t ranspor t  and frame r e g i s t r a t i o n .  
Typical cha rac te r i s t i cs  are a frame rate of 180 fps w i th  an accuracy of  +1~ 
and f i lm  capaci ty from 200 f t  to lO00 f t  wi th Interchangeable magazines.- 
With a 2.5 secs run time the 200 f t  magazine should be more than adequate and 
a camera body is ava i lab le  which occupies a small volume 12.5 inches long w i th  
a 5.5 x 5.5 inches square cross sect ion.  Two such cameras would be i ns ta l l ed  
in the f a c i l i t y  according to the schematic of Figure ( i ) .  

The distance of  the f i lm  plane of  each camera from the center of the test  
sect ion would be approximately 2 m. Hence a wide angular lens is required to 
br ing w i t h i n  the f i e l d  of view of each camera test  models having dimensions of 
the order of  90 cm. In add i t ion ,  the lens must have high reso lu t ion to provide 
sharp images of the gr ids a f f i xed  to the surface of the model. A lens having 
the required cha rac te r i s t i cs  is the Schneider Kreuznack Xenon i :2 /35 mm motion 
p ic tu re  camera and can resolve approximately 600 l ines per m i l l ime te r .  This 
lens would then be used in the actual instrumentat ion of the f a c i l i t y  and con- 
sequently was selected also for  the current  program. However, as fa r  as the 
camera is concerned, fo r  convenience i t  was decided to use a s t i l l  camera, 
rather  than a motion p ic tu re  camera to take the images of the l ine  gr id  described 
in SECTION 11-2. A Contax 35 mm s t i l l  camera was selected and an adapter was 
b u i l t  to use i t  w i th  the Xenon 1:2/35 lens. Figure (5) shows the camera w i th  
the Xenon lens mounted on i t s  support. To simulate the two camera arrangement 
of the f ina l  measuring system, two columns have been r i g i d l y  attached to the 
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FIGURE 3. FRAME OF THE TEST SURFACE 

FIGURE 4, SUPPORT OF THE TEST SURFACE 
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F 

FIGURE 5. CAMERA AND ITS SUPPORT 
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f l oo r  at a distance of 28G cm from each other.  Two hor izonta l  platforms have 
been mounted on the two columns, As shown in Figure (5) the camera is attached 
to a p?ecision hardened steel rectangular base whose posi t ion on each platform 
ls f ixed by a set of  three centering pins to insure the correct  o r i en ta t i on  of  
the camera in the two posi t ions defined by the schematic of Figure ( i ) .  Thus 
the two camera arrangement of the f ina l  system was simulated by moving the 
same camera from one column to the other.  The in tersec t ion  of the two opt ica l  
axes corresponds to the center of the test  sect ion, 

The use of Xenon ~ens made i t  necessary to reca l ib ra te  the camera focussing, 
The se t t ing  was then adjusted for  optimum focusing wi th an object  located at 
the in te rsec t ion  of  the two opt ica l  axes, This same se t t ing  was maintained 
for  the en t i re  program of photographic data co l l ec t i on ,  

Prel iminary tests were conducted with the camera to select  a su i tab le  f i lm.  
This pa r t i cu l a r  app l ica t ion  requires a high resolut ion f i lm  and a reasonable 
speed to be compatible with the required movie camera frame rate and a prac- 
t i ca l  i n tens i t y  of  i l l umina t ion  of the test  model. The i n i t i a l  series of  
photographic data was taken with Kodak Panatomic-X f i lm  (ASA 32) and Kodak 
2496 RAR f i lm (ASA 125). Both are black and white f i lms with a resolving 
power of 125 lines/mm. The images obtained with these f i lms are adequate 
for  the laboratory opt ica l  measurement of the geometrical parameters of the 
test  gr id ,  However, the processing of the images in an automated scanner 
described in a fo l lowing section gave unsat is fac tory  resu l ts ,  since the f i lm  
resolut ion proved marginal for  the required accuracy of the scanning process. 
Commercially avai lab le f i lms with resolving power much higher than e i the r  the 
Panatomic-X or the 2496 RAR f i lm could not be used because t h e i r  speed is too 
low for  the present app l ica t ion .  A sa t i s fac to ry  compromise was found in the 
Kodak Recordak AHU Microf i lm 54G0 which ls a high contrast  f i lm  with a resolv- 
ing power of G30 lines/mm. The high contrast  cha rac te r i s t i c  is not a serious 
l i m i t a t i o n  for  th is  pa r t i cu l a r  app l ica t ion  where the f i lm has to sa t i s f y  only 
to the requirement o f :separat ing the gr id l ines from the background of the 
meta l l i c  surface. Obviously, the speed of the Recordak H ic ro f i im is lower 
than the Panatomic-X. In prel iminary tests with the Images of the gr id b ~ l l t  
in to the aluminum block of Figure (2) the equivalent ASA number turned out to 
be approximately 15, which is s t i l l  consistent with a prac t ica l  i l l um ina t i on  
system of the model in the tes t  sect ion of the ~ a c i l i t y .  

Another advantage of the Recordak H ic ro f i lm is that  i t  is s p e c i f i c a l l y  designed 
for  an automated rapid developing process. With Prostar Developer, the develop- 
ing time ranges from 10 to 15 secs. What would be an advantage in the f i na l  
system posed a problem in the work done with the s t i l l  camera where each ro l l  
of f i lm  had to be manually developed and a series of tests were required to 
achieve a much longer de~eloping time. The best resul ts  were obtained with 
Dll developer d i lu ted  wi th water in a 1:1 ra t i o  at 70 = F. In these condi t ions 
the optimum developing time was found to be 4 minutes. The Recordak AHU 
Microf i lm 54G0 was then selected for  the co l l ec t i on  of the experimental data 
with the tes t  grid~described in SECTION 11-2. A typ ica l  sequence of frames 
showing the image of a test  gr id is presented in Figure (6), 
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SECTION I I I  

CORRELATION.OF MEASUREMENT OF GRID 
POSITION AND IMAGE PARAMETERS 

3;1 INTRODUCTION 

Once the pictures of a test  gr id are obtained with the two camera arrangement 
discussed in the previous sect ion,  the data reduction process begins in order 
to ex t rac t  from the images of the gr id the d i s t o r t i o n  of the tes t  surface. 
As described in Reference (])  the data reduction process would be developed 
in two steps: f i r s t  the images of the gr id obtained from the two cameras p r io r  
to the tes t  are processed in order to determine the pos i t ion of the gr id  in 
the undistor ted condi t ion;and second, the images of the gr id obtained with 
one camera in both d is to r ted  and undistor ted condi t ions are corre la ted to 
each other in order to determine the magnitude of the d i s t o r t i o n  during the 
tes t .  This procedure is more precise than the method of obtaining the d is -  
t o r t i on  from the two independent measurements of the gr id  port ion p r io r  and 
during the tes t .  

When the two images of the gr id obtained with the same camera (in both d is-  
tor ted and undistor ted condi t ions) are superimposed to each other a Moird 
or in ter ference pattern is generated and th is  pattern can be corre lated to 
the gr id d i s t o r t i o n  provided that  the o r ig ina l  pos i t ion of the gr id is known. 
Reference (])  has shown how a nu l l i ng  technique can be used in the analysis 
of the inter ference pattern in order to ex t rac t  the required information. 

This section defines the set of geometrical parameters which must be extracted 
from the images obtained in two cameras in order to compute both pos i t ion and 
d i s t o r t i o n  of the test  gr id .  These parameters and the frame of reference of 
the test  gr id have been selected according to what appears to be the most 
convenient approach from the point of view of an automatic scanning and 
d i g i t i z i n g  process. Also the governing equations which cor re la te  the images 
with the gr id pos i t ion are presented in SECTIONS 11-2 and 111-3. In SECTION 
111-4 the cor re la t ion  between the tes t  gr id d i s t o r t i o n  and the changes of  
the parameters of the gr id images is presented. In SECTION 111-5 the 
measurements of  the relevant parameters of  the gr id images obtained with the 
camera arrangement of SECTION I are presented and computed values of the gr id 
d i s t o r t i o n  are compared with the d i rec t  measurements. 

3.2 CORRELATION OF THE GRID IHAGES OF THE TWO CAMERAS WITH THE TEST GRID 

In the f ina l  arrangement of HIRT f a c i l i t y  instrumentat ion two ident ica l  cameras 
would be used to record the images of the gr id a f f i xed to the tes t  surface in 
order to obtain the gr id posi t ions in the undistor ted model condi t ions.  

14 
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The op t i ca l  axes o f  the two cameras would be in the same plane at a 90 ° 
angle w i th  respect to each o ther .  

As shown in Figure (7) assume a frame of  reference x, y,  z w i th  the axes 
x,  z co inc id ing  w i th  the op t i ca l  axes of the cameras. Points C 1 , C 2 in 
Figure (7) represent the center  of  the i r i s  diaphragms of  the two cameras 
and v is the d is tance of  C 1 , C 2 from the planes o f  the respect ive  images. 
Assume a lso that  C ! , C 2 are located at the same d is tance from the 
o r i g i n  O r of  the system x, y, z and le t  u denote that  d is tance. ,  

Let Po be the center  of  a tes t  g r id  and. P.ml ~e P~finedits images in the two 
• by the f o l l ow ing  cameras• The pos i t i ons  of  the g r id  mmages a 

parameters; 

Yi "/~-'~rzJ/=;-. coord inates o f  Pi ]  in the f i r s t  camera x i l  J 

Yi2 ' z i2  coord inates o f  Pi2 in the second camera 

angle o f  the p r i nc i pa l  axis o f  the g r id  
image in the f i r s t  camera w i th  respect 
to the ax is  x 

~2 angle o f  the p r i nc i pa l  axis o f  the g r i d  
image in the second camera w i th  respect 
to the axis z 

The p r i n c i p a l  axes of  the two g r id  images are denoted by x in the f i r s t  
camera and z in the second camera• In add i t i on  to the aforement ioned 
parameters, denote by X(x) the per iod of  the i n t e r s e c t i ~ f ~ t ~ h e  g r i d  
image l ines  w i th  the ax is  x as a func t ion  of  x in t h e ~ ~ a m e r a  as 
shown in Figure (8) .  An i den t i ca l  func t ion  could be def ined fo r  the 
Image of  the g r id  in the second camera, but i t  is not going to be used 
i n ' t h e  c o r r e l a t i o n  ana lys i s .  The coord inates of  P are re la ted  to the 

• O 
coord inates X i l  , Y i l  and Yi2 ' z12 of  the two =mages by the elementary 
equat ions 

15 
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In add i t i on  to the coord inates x, y, z of  P , two angular  coord inates are 
required to def ine the o r i e n t a t i o n  of  the p~inc ipal  axis o6 the tes t  g r id  
in the frame of  reference x, y,  z. I t  is convenient to se lec t  these angular  
coord inates as in a system of spher ica l  coord inates :  

angle between the g r id  p r i nc ipa l  axis and the axis z 

angle between the axis x and the p ro j ec t i on  o f  the 
p r i nc ipa l  axis of  the g r id  on the plane z = 0 

Assume that  t i le length of the tes t  g r id  is L and denote by L Ly , L z the 
p ro jec t i ons  of  L on the axis x, y, z respec t i ve l y .  L )Ly x ~ are 
determined by two systems of  equat ions i den t i ca l  to  x(~ ' z 
from the measured coord inates of  the end points  of  the g r id  Images in the 
two cameras. Then the angles ~ and 8 are given by 

L L 
z x (2) cos ~ = T ; cos e = L sin 
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3.3 CORRELATION OF ONE GRID IHAGE WITH THE TEST GRID POSITION 

Consider only  one of  the two images of  the same g r id ,  for  instance the 
image obtained wi th the f i r s t  camera. Figure (8) schemat ical ly  shows one 
frame of  the f i lm  wi th  the Image of the g r id .  For s i m p l i c i t y ,  in the 
fo l lowlng analys is ,  the subscr ip t  i is dropped from the parameters of  the 

which represents the-image image of  the gr id .  The point  P! in Figure (8) 
of  the center P of the test  g r id ,  ls the center point  of  the cen te r l ine  

• 0 of the gr id  image. Both the test  gr id  and the gr id  image are schemat ical ly  
represented in Figure (9) by the segments of s t ra igh t  l lnes L and L. 
respect ive ly .  The p r inc ipa l  axis x o f  the gr id  image is the in terc~pt ion  
of the plane of  the image z - 0 wi th the plane formed by the test  gr id  and 
I ts  image. The angle ¢ between these two planes ls given by 

! . sin =) ( 3 )  tan B = ~ (Yi cos a - x I 

In the plane formed by the test  gr id  and i t s  image, select  a system of  
coordinates [ , n  w i th  the axis n pa ra l l e l  to the plane z - 0 and the o r i g i n  
co inc ident  w i th  the center C of the i r i s  diaphragm of the camera as shown in 
Figure (9). Denote by ~ , n_ the coordinates of the center point  P of  the 
test  g r id  and by y the a~gle Between the gr id  axis and the n axis• o 

In the system of  reference [ , n the coordinates of  point  PI of  the gr id  
image are 

V 

El = cos 13 ; nl = Xl cos = + Yl sin = (4) 
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The equat ions r e l a t i n g  E~, no, y t o  the parameters o f  the g r id  image are 

tany = - ~. 
I 

dX_) 
d x  • 

I 

1 dX,) 
1 - n  i (~-~. - -  

dx 

o 
EO = ~ (-  ¢i cosy + qi s iny)  (5) 

nQ 
I 

no = - - ~ -  ¢o cos6 

where k i and (dX/dx) i are the values of  the per iod ~ o f  the g r id  image l i nes  

and i t s  d e r i v a t i v e  r espec t i ve l y  at Pi" Once the values o f  ~o' no' Xare  ob- 

ta ined ,  the pos i t i on  o f  the tes t  g r id  in the o r i g i n a l  frame o f  re ference x , y , z  

is r e a d i l y  evaluated.  The coord inates x o, Yo' Zo of  Po are 

Xo = Eo sin~ sin6 - n o cos~ 

Yo = - ~o cos= sin6 - n o sin= ( 6 )  

Zo ~o cos6 + v 

From y and 6 i t  is then poss ib le  to compute the angular  coord inates ¢ and e 

whlch g ive the o r i e n t a t i o n  o f  the tes t  g r i d  in the frame o f  re ference x , y , z  

as def ined in the previous sec t ion .  

One has 

cos~ = cosB s iny  

O = ~ - ~ + ~  

(7) 
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where 

cos~ = sin6 s iny (8) 

J1 cos26 sin 2 - y 

Systems 6 and 7 are the equations which determine pos i t ion  and o r i en ta t i on  

of  the test  g r id .  

Then, in p r i n c i p l ~  the analysis of  e i t he r  of  the two images would be s u f f i c i e n t  

to determine pos i t ion  and o r i en ta t i on  of the test  g r id .  The three coordinates 

of the gr id  center point P and the two angular coordinates of the gr id  axis 
O 

are obtained from the measurement of the f i ve  parameters x i ,  Y i '  ~'  X" and 
I 

(dX/dx) i .  The basic advantage of the two camera approach is that the measure- 

ments of center point  pos i t ion  is |ndependent of the measurement of  the gr id  

o r | en ta t i on .  Furthermore, a higher prec is ion is achieved in the measurement 

of  the center point  pos i t ion  because i t  is not dependent upon the measurement 

o f  the gradlent  o f  the period X. of  the gr id  image. 
I 

The dependence of  X i and (dX/dx) i upon the coordinates of the gr id  in the plane 

E,q is expressed by the fo l lowing equations 

I 

~)y I 

~o siny + ~o cosy 

~o cosy - n o s iny 

~Xl ~" ~o cosy - 2n ° s iny 
- ( 9 )  

~ o  ~o ~o cosy - n o slny 

I s iny 
~no ~ go c o s y  - n o s i n y  
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and 

X 
o ! (d~m) = 2 ~ c o s y  

~Y dx ~o i 

~) (dX) = 1 (dX) (10) 

i i 

(d_~_~) = 0  
~)no dx 

i 

3.4 CORRELATInN OF GRID IMAGES WITH TEST GRID DISTORTION 

Assume now a d i s t o r t i o n  o f  the t e s t  sur face  r e s u l t i n g  in a change o f  the g r i d  

image def ined by the change 

~x. , 6~ ~ , 6(d~) 
l '  6Yl ' i - -  

dx 
(11) 

of the parameters x i ,  Y i '  ~' hi and (dX/dx) i .  Within the l i m i t s  of  small d i s -  

t o r t i o n s ,  where the l l near  approximation Ts v a l i d ,  the angle B su f fe rs  a 

change 

~B = c°s2fiv [ s i n e  6x.i - cos~  ~y |  + n i 6~ ]  ( 1 2 )  

and the coordinates ~ i '  ni change by 

6~ i = s i n 8  [ s i n e  6x i - cos~ 6y i + n i ~e ]  

~n 1 = cose 6x.i + sine 6y i "~tan6 ~e 

(13) 
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Thus in the new plane {i  + 6~i' ni + 6hi' the orientation of the test grid 

is given by the angle y + 6y where 

1 1 . 2 
6y -- ~ sWnZy 6¢ i - T~', s ,n  y e n  i 

1 ni 6Xi 
- ~ sin2y [I - ~'i tany] ~ (14) 

+ ~- sin2y [1 - ~-j tany] 6 
dx . dx 

I 

and the change in pos i t ion  of  the gr id  center is given by 

), ni tany] 6~i 6~ o = - ~ cos3y E1 - ~' i  

and 

O + ~  

-[¢ 

! Xo ni 
+ 2- x-T sin2y (1 - ~' i  tany) (~i s iny + n i cosy) (d--~) -1 

dx i 

siny cos 2 [1 ni y - ~ t a n y ]  6n i 
( is )  

1 io ni 8Xi 
+ ~ sin2y (1 - ~ -  tany) (~| s iny + ni cosy)]  

I I I 

dx 

X n i 
6n ° = _  no E 1  + o - tany) ]  6~ 1 ¢i cossy (1 

n i + no [1_ + o 2 - tany) ]  nw ~w¢~ siny cos y (1 tn i 
(16) 

no 1 Xo 
- ~T [~o + ~ X'-~" sinZy (I 

I 

n i 
- ~ - i tany )  

8X. i (C i s iny + n| cosy)]  

+ 1 Xo no 
2 ~ i  ~o 

n i 
sin2y (1 - ~ i  tany) (~i s iny + n i cosy) (d-~) -1 6 (dX) - 1 -  

dx dx i i 
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By means of Equations (13), (14), (15), (16) and by d i f f e r e n t i a t i o n  of 
Equations (6) and (7) t r ans la t i on  and ro ta t ion  of  the test  gr id  can be 
wr i t t en  in the o r i g i na l  frame of reference x, y, z. 

3.5 ANALYSIS OF THE PHOTOGRAPHIC DATA 

The 150 l ines,  ! mm per iod,  gr id  described in SECTION 11-2 was used fo r  the 
experimental evaluat ion of the measuring process. The 35 mm s t i l l  camera 
equipped wi th  the Schneider Krenznach Xenon lens was used to photograph the 
test  gr id  wi th  the AHU H ic ro f l lm  5460. To simulate the two camera arrange- 
ments of  the f i na l  system the 35 mm camera was posi t ioned on the plat forms 
of  the two columns described in SECTION 11-3, which are located at a d is -  
Lance of 284 cm apart  from each other.  The op t i ca l  axes In the two pos i t ions  
are posi t ioned in the same hor izonta l  p|ane at an angle of 90 ° wi th  respect 
to each other.  A systematic program of co l l ec t i on  of  photographic data was 
developed wi th  tes t  gr id  pos i t ions and o r ien ta t ions  which simulate the speci-  
f ied  range of  test  surface dimensions and posi t ions in the test  sect ion of  
the HIRT f a c i l i t y .  With the support of  the test  gr id  or iented as shown in 
Figure (4) the camera arrangement used in the co l l ec t i on  of  the photographic 
data simulates a f i na l  conf igura t ion  wi th the two cameras located in a plane 
perpendicular  to the axis of the test  sect ion. 

Upon development o f  the f i lm ,  the gr id  images were analyzed and measured 
wi th  an i ndus t r i a l  microscope equipped wi th a c ross - t rave l ing  high prec ls ion 
micrometer stage. The two micrometers of the stage in the x and y d i rec t ions  
al lows a d i rec t  reading of the frame pos i t ion  w i th in  2~ over a to ta l  t rave l  
of  50 mm, 

As required by the co r re la t i on  procedure described in the previous sect ions,  
the parameters x t , ~ and X were measured_in each gr id  Image, In p a r t i c u l a r ,  
the value of  X at each point  of  the axls x was taken as the average of the 
spacing between ten l ines of  the gr id  Image measured around that point  along x. 

As an example consider one of  the images of Figure (6). Figure (10) repre- 
sents the p l o t t i n g  of  ~(x) of  the gr id  image versus x. The coordinates x i ,  Y i '  
of the center point  of  the cen ter l ine  are 

x i = 2.410 mm ; Yl = - .152 mm 

and the angle between the gr id  Image axis and the axis x is 

= 1 ° 3 0 '  
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Thls p a r t i c u l a r  case corresponds to the tes t  g r i d  w i th  the center  P 
at o 

m m ;B= x ° = + 118 mm, Yo 7 mm, Zo 1,782 mm 

located 

In the frame of reference of Figure (9) where the origin Is placed on the 
p|ane of image. The angles ~ and B defined In Equation (7) are 

¢~,45 ° ; e-,,i ° 

The values of  x ' Yo ' z were measured by t r i a n g u l a t i o n  from the two 
pos i t i ons  of  th~ camera a~d the angular  cooredlnates were measured f o l l o w i n g  
the procedure o u t l i n e d  in SECTION 111-2• 

In Figure (IO) one observes that for a11 practical purposes X(x) is a linear 
function of R. This approximation Is found to be valid in the total range 
of positions and orientations of the test grid and obviously i t  ampIIfles the 
computation of XI and (dX/dR), . The value of X, can be assumed to be equal 

• I to the average value of X ove~ the number of lines of the grid image and 
(d~/dR) I is the average d e r i v a t i v e  o f  the p l o t t i n g  of  ~ versus R , In the 
image corresponding to Figure (10) one has 

i 

As shown in SECTION 111-3 the tes t  g r i d  p o s i t i o n  and o r i e n t a t i o n  can be 
der ived a lso  from the above measured parameters of  the g r i d  image. The 
parameter v of  the camera was measured at 35.54 mm in the i n i t i a l  c a l i b r a t i o n  
work conducted w i t h  the Xenon lens. By means of  the set o f  equat ions developed 
in SECTION 111-3 one can obta in  the values o f  the coord inates of  P and the 
angular  coord inates of  the g r i d .  One has o 

I I I 

x ° = 116.6 mm, Yo = " 7.5 mm; Z o  = 1 . 7 5 5  mm 

! ! I 

¢ = g3 ° 55 , 0 = + I ° I0 

, ( 1 7 )  
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Thus, the computed values of  pos i t ion  and o r i en ta t i on  are found to be 
f a | r l y  close to the values measured d i r e c t l y  on the test  g r id .  One 
observes, however, that the d i f ferences between the two measurements are 
larger  than the spec i f ied precis ion of  both t rans la t i ona l  and ro ta t iona l  
d i s t o r t i ons  o f  the test  surface. Consequently, the measurements oP gr id  
pos i t ion  and o r i en ta t i on  extracted from the data of the images would not 
o f f e r  the required prec is ion fo r  measuring model d i s t o r t i o n s .  

Apply now a ro ta t ion  of the test  gr id  about the ve r t i ca l  ax is ,  I . e . ,  the 
axis y in the frame of  reference of Figure (9) and le t  us consider the 
two images corresponding to the ro ta t ions 

6¢ + 2 ° 

whi le  a l l  o ther  parameters o f  the test  gr id  remain unchanged. 
changes of  the value of )`. are 

I 

The measured 

6)'i I 6¢ = + 2 ° -- .046.10-2mm 

X)` 16¢ = + 2 ° = -.049.10-2mm 

(18) 

One can now use the set of parameters extracted from the measurement of  the 
geometrical parameters of the image of the gr id  in the o r i g i na l  pos i t ion  
(++ = 0) .  

With the aid of the equations developed in SECTION 111-3 one obtains 

I 
~ ' =  2.J5.10 "4 mm/degree 

a~ a~/ i .48x i  

(19) 

Then the values of the angular ro ta t ion  of  the gr id  corresponding to the 
set (:!8) of  values of  ~)`i can be computed wi th the equations of  SECTION 111-4 
and one has 

' 0. 4 ~ = + 1° 57 fo r  i)')`, ~ 4.6.1 mm 
I I 

~ = - 2 ° 8 for  3~ i - 4.9.10 -4 mm 
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which shows a very good agreement wi th  the measured values of  ~¢. A 
p l o t t i n g  of the values of ~ measured in the three images corresponding 
to at = O, ~¢ = ~ 2  ° is shown in Figure ( l i ) .  

A displacement of  the test  gr id  along the axis y of the plane of reference 
of  Figure (9) a l t e r s  ne i ther  ~, nor (3X/~R)/ in the image, and the measure- 
ment of the displacement is obtained from the t rans la t i on  of  the gr id  Image 
center along the axis y. At the distance z' of  the gr id  w i th  coordinates 
given by (17) one has o 

__@Yi = 2.066 10 -2 
aY o 

I 
Assume now a displacement of the test  .grid in the plane y = Yo and in a 
d i rec t i on  perpendicular  to the plane of the g r id .  At the pos i t ion  given 
by values ( ]7 ) ,  the equations developed in SECTION 111-3 y i e l d  

~ i  ~ i  - - =  -499.10 .5 ; - - =  - . 8 4 " ! 0  " 5  ( 2 0 )  
@z o ~x o 

Within the spec i f ied  range of displacements the change of ~i is too small to 
be measured wi th  s u f f i c i e n t  accuracy. For th is  reason, the displacement of 
the test  g r id  center is extracted from the measurement of  the change i.n posi -  
t ion  of the center of  the gr id  image. Consider, fo r  example~ the case where 
the tes t  g r id  is moved in the d i rec t i on  perpendicular to i t s  plane by 39 mm 
away from the camera. The displacement Is then given by 

m 

6x o = - 27.1 mm ; 6y o -  0 ; 6z ° = - 28.1 mm 

With the values of  (20) of  both der iva t ives  of ~t one observes that the e f fec ts  
of  6x and 6z on ~i p a r t i a l l y  cancel each other:  The actual measured change 
of ~.o is o 

I 

6~."..' .5 10 -4 mm 
I 

Thus, as expected, the displacement of  the center of  the gr id  generates only 
a minor change of X. and i t s  gradient  along the axis of the g r id  image and 
the value of  the displacement is extracted from the measurement of the change 
of the x. , Yt coordinates. I t  is worthwhi le po in t ing out that  the measure- 
ment of  ~he p~s i t ion of P. in the image is performed w l th in  a f r ac t i on  of the 

I 
width of the l ine  at PI ~ Consequently, the displacement of  P9 Is computed 
also w i th in  a f rac t i on  o the width of the l ine  of the test  gr id  which is 
equal to .5 mm. 
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F ina l l y ,  i t  may be of in te res t  to show the Hoird pat tern generated by a 
d i rec t  superposit ion of  two images taken with d i f f e ren t  posi t ions or/and 
o r ien ta t ions  of  the test  g r id .  Assume, for  instance, the case of the gr id  
with the center Po located at 

x o = + 295 mm ; Y o "  " 7 mm ; Zo = 1,662 mm 

and or iented according to the angles 

= 45 ° O = ]o 

Apply a ro ta t ion  6~ of the gr id about the axis y in the frame of reference 
of  Figure (9) and consider the images corresponding to 6~ = ÷ 2 ° and 
6~ = + 4 ° in add i t ion to the Image corresponding to the o r ig ina l  pos i t ion  
(6~ = 0). Figure (]2) shows the p ]o t t i ng  of  the posi t ron of the gr id image 
l ines in the three cases. The measured change in length of the gr id Images 
from 6~ = 0 to ~ + 2 ° is 

and the change in length from 

6L2o " .057 mm 

6~ = 0 t o  6~ = + 4 ° is 

6L4o = . ! ! 4  mm 

The average value of  3,. at 6~ 0 is 
I 

),. = 1 . 8 9  10 . 2  mm 
i 

Thus, 

6L2o --~ 3~ i ; 6L4o~" 6~ i 

i . e . ,  the superposit ion of  the two images ~ = O, 6~ = + 2 generates a 
Hoird wi th three fr inges of  the inter ference pattern and the superposi t ion 
of  the two images 6~ = 0, 6~ = ÷ 4 ° generates a Moird with s ix  f r inges.  
The p lo t t i ngs  of  the interferences patterns computed from the measurement 
data of  Figure (12) ace shown in Figure (13). A Hoir~ pattern obtained with 
a double exposure of  the test  gr id  showing s ix  f r inges generated by a ro ta t ion  
of 4 ° is presented in Figure (14). 

31 



AE DC-TR-75-63  

160 

rt 

120 

8O 

~ 0  

11-5 

11-19 

12-15 

I 

L 
. . . . . . . . . .  I _ _  . 

i 

0 ° 

, ÷ 2 ° 

! + 4 ° ~ ' ~  
. . . . .  4 

i ' 

I 
1 . . . . . . . . . . . . . .  l . _  

1 
I 

I 

/ 
/ /  , , 

0 
0 I 2 

FIGURE 12. POSITION OF GRID IHAGE LINES FOR THREE VALUES OF 64 

32 



AE DC-T R-75-53 
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FIGURE 13. INTERFERENCE PATTERNS CORRESPONDING TOSUPERIHPOSITION 

OF IMAGES 6~ = O, ~ = 2 ° and 6~ = O, 6~ = 4 ° 
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As expected both k. and (ak/ax), vary subs tan t la l l y  w i th in  the speci f ied 
I , , I range of pos i t ions ana o r ien ta t ions  of  the tes t  gr id .  For instance, 

Figure (15) shows the length of  the gr id image versus the angular ro ta t ion  
about the axis 9 for  the test  gr id or iented at 

¢ = 45 ° ; 0 = I ° 

and with the center P 
O 

a t  

x = -  4 x = 1 4 6  x = 2 9 5  
O o O 

Yo = - 7 Yo = - 7 Yo = - 7 (21) 

z o = 1 , 9 5 8  z o = 1 , 8 1 0  z o = 1,662 

Obviously, the length of  the image increases as the distance z decreases. 
Figurm (16) and (17) show the lengths of the gr id images again°versus the 
same angular ro ta t ion  about the axis ~ for  the same three posi t ions of  the 
center Po given by (21) and the two angular o r ien ta t ions  

¢ = 49 ° ¢ = 60 ° 

e = 3 0  ° e = 5 5  ° 

One can observe that as @ and 0 increase, the length of the grid image 
increases, however, the rate of change of the length of the image versus 
the angular rotation decreases. Obviously, the rate of change becomes zero 
for ¢ = 90 °, i.e., when the axis of the test grid is oriented perpendicular 
to the optical axis of the camera. 

As previously mentioned the support of the test  gr id  allows the simulat ion 
of the change of angle of at tack in the HI RT f a c i l i t y .  Figure (18) shows 
the dependence of the measured length L of the gr id  image versus the angular 
ro ta t ion  about the axis 9 for  5 values of the angle of  at tack from - 10 ° to 
+ 30 ° . This f igure corresponds to a gr id  inc l ined at 22 ° 30' wi th respect 
to the simulated axis of  the test  section of the f a c i l i t y .  One observes that  
an increase of the angle of at tack y ie lds  an increase of the length of the 
gr id  image and a decrease of the rate of change of L versus e . y 
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A comparison of the results obtained from the grid images with the di rect  
measurements of the grid displacements and rotations ls I l l us t ra ted  In 
Figure (19). The or ientat ion of t ~  test grid In this f igure simulates 
a model of a wing swept back at 22 ° 30'. The rotat ion 6~ of the test grid 
simulates then the angular deflect ions obtained from theYgrld Images versus 
the angular deflections measured d i rec t l y  in the grid support for the range 
of angles of attack from -10 ° to +30 °. Over the total  range, the precision 
of the measurement is maietained within .2 degrees. 
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SECTION IV 

PROPOSED INSTRUMENTATI.ON 

4. l INTRODUCTION 

The resul ts  obtained in the work described in the two preceding chapters 
can now be used to es tab l ish  the basic c r i t e r i a  fo r  se lec t ing  the su i tab le  
type of instrumentat ion and i t s  components. The complete instrument would 
be formed by two major par ts :  

. Camera System 

• Image Analyzing System 

The camera system includes the two cameras which are going to be used to 
obtain the Images of the test  model p r i o r  to and during the test  and the 
in te r fac ing  of the camera wi th the test  sect ion.  S t ruc tura l  as. wel l  as 
aerodynamic problems pose rather severe const ra in ts  in the way the cameras 
can be mounted in the f a c i l i t y .  The arrangement discussed in th is  sect ion 
appears to provide a su i tab le  so lu t ion  which minimizes the f low per tu rba t ion .  
Furthermore, the 35 ms format al lows the se|ect lon of compact cameras which 
should s imp l i f y  the problem of  in tegra t ing  the camera system in to  the tes t  
sect ion area of  the f a c i l i t y .  

As discussed in SECTION I I ,  the type of f i l m  selected fo r  th is  p a r t i c u l a r  
app l i ca t ion  is s p e c i f i c a l l y  designed for  an automated rapid developing 
process. Once developed the f i lms of the test  surface are t ransfer red to 
the image analyzing system to obtain the value of the local d i s t o r t i ons •  
The image analyzing system involves a sequence of processes which may be 
grouped in two basic steps. F i r s t ,  the geometrical parameters of  each g r id  
image defined in the previous sect ion must be measured in each frame of  the 
f i lm  and stored. Second, these measurements are fed to a computer which 
compares the data obtained wi th the two cameras p r i o r  to the tes t  and 
computes the geometry and pos i t ion  of  the undis tor ted test  surface. Sub- 
sequently the computer compares the data obtained wi th one of  the two 
cameras p r i o r  and during the test  and computes the values of  the tes t  
surface d i s t o r t i o n .  

As discussed in SECTION I i l ,  only a lgebra ic  operat ions are involved in the 
process of  est imat ing the d i s t o r t i o n  values from the per t inen t  parameters 
measured in the g r id  images. Consequently, no d i f f l c u | t y  ar ises in the 
computational process. However, the complexi ty of  the image analyzing 
system ar ises exact ly  in the measurement of  the gr id  images. I t  is appar- 
ent that ,  in view of the ]arge number of images obtained wi th  the two 
cameras in each tes t ,  a f u l l y  automated system is required to perform 
the measurements of  the per t inen t  parameters of  the gr id  images in a 
reasonably short  time. Thus the automated measuring process is the most 
c r i t i c a l  step of the en t i r e  system because i t  contro ls  the prec is ion of  
the measurements and bas ica l l y  determines the time required to make the 
resu l ts  of  the experiment ava i lab le  a f t e r  the tes t .  
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As discussed in SECTION I I I  only a lgebra ic  operat ions are involved in the 
process of est imat ing the d i s t o r t i o n  values from the per t inent  parameters 
measured in the gr id  images. Consequently no d i f f i c u l t y  ar ises in the 
computational process. -However, the complexity of  the image analyzing 
system ar ises exact ly  in the measurement of the g r id  images. I t  is appar- 
ent that ,  in view of the large number of images obtained wi th  the two 
cameras in each tes t ,  a f u l l y  automated system is requ i red . to  perform the 
measurements of  the per t inent  parameters of the gr id  images in a reasonably 
short  time. Thus the automated measuring process is the most c r i t i c a l  step 
of the en t i r e  system because i t  contro ls  the prec ls ion of the measurements 
and bas i ca l l y  determines the time required to make the resul ts  of  the exper i -  
ment ava i lab le  a f t e r  the tes t .  

In the fo l lowing sections f i r s t  the camera arrangement is discussed and 
second the analys is  of the various phases of the image processing system 
is presented. The basic c r i t e r i a  are given for  the se lect ion of  the 
components of the f i na l  measuring system. 

4.2 CAMERA ARRANGEMENT 

The primary c r i t e r i a  fo r  mounting the cameras in the HI RT f a c i l i t y  is that 
no window in the wall of the test  sect ion may be larger than s ix  inches in 
diameter. In add i t ion ,  the number of windows should be kept to the minimum 
required for  the two cameras and the l i gh t i ng  system. 

A camera p a r t i c u l a r l y  su i tab le  fo r  the app l i ca t ion  In the Photo-Sonics high 
speed camera model 33 mm - 4M. The camera is e l e c t r i c a l l y  dr iven wi th  a frame 
rate e l e c t r o n i c a l l y  cont ro l led  to + I~. A 180 fps speed is cu r ren t l y  ava i |ab le .  
The f i lm  t ranspor t  mechanism is i n te rm l t tan t  wi th  four pulldown pins and two 
reg is te r  pins. This insures steady images during the camera run. The camera 
accepts three interchangeable magazines wi th f i lm  capaci t ies of 200, 400 and 
1,000 feet .  The 200 foot  magazine would be selected to record the 2.5 sees 
of run time of  the f a c i l i t y  at the speed of  180 fps and th is  resu l ts  in a 
compact camera body. The camera dimensions are shown In Figure (20). 

A ground glass v iewf inder  is provided as a un i t  which is Interchangeable w i th  
the f i lm  magazine fo r  a l ig ,ment and focussing of  the camera before the tes t .  
The commercially ava i lab le  v iewf inder  is intended for  a conventiona] use of  
the camera and may not be su i tab le  fo r  th is  spec i f i c  app l i ca t ion  where the 
camera is mounted in a confined space w l th in  the outside wall  of  the f a c i l i t y .  
The opt ics of  the v iewf inder  may then have to be modif ied to br ing the image 
at a pos i t lon  convenient for  the operator.  

43 



A
E

D
C

-T
R

-7
5

-5
3

 

,, ,,!i 'i i 
ii . 

. 

-- ~- -~ ;~ ---H
:ll 

~ i' 2--,-,,----,~ J~ 

!! ' 
i 

0 i z i11 

L
[I 

I.) 

m
 

Z 0 I 
0 J

- 
0 z I, iJ 

i L
[ 

44 



AEDC-TR-75-53 

Each camera would be equipped wi th the Schneider Kreuznach Xenon ! :2 /35 lens 
and the same opt ica l  arrangement used in the data co l l ec t i on  of the present 
would could be adapted to the f l na l  camera assembly. As shown In Figure (21) 
a beam s p l i t t e r  would be posi t ioned in f ron t  of  the lens to provide the 
image of a matr ix  of  refernece points mounted on the same support of  the 
c a m a  r a .  

Mountiqgholes are provided on the top, bottom and r i gh t  side of  the camera 
thereby present ing a sturdy mounting of  the camera on i t s  support ing s t ruc tu re ,  
Each camera would be mounted in a hermet ica l ly  sealed compartment fo r  i t s  
p ro tec t ing  in the f a c i l i t y  environment, as indicated In the schematic o f  
Figure (2 l ) .  The compartment would be provided wi th a window f lush wi th  the 
inner wail  of the test  sect ion and could housea l l  the necessary e l e c t r i c a l  
and mechanical connections fo r  the remote control  of  the camera. The compart- 
ment would be attached by a support ing frame wi th provis ions fo r  removing i t  
in order to change the f i lm  magazine and service the camera. 

4.3 SCANNING AND DIGITIZING OF THE IMAGES 

The f i r s t  step of the automated measurement of the geometrical parameters o f  
the gr id  images is an e lec t ron i c  scanning of the frames of the f i lm .  The 
output of  the scanner is then d i g i t i z e d  and processed into a format su i tab le  
for  input to a data reduction software package. 

Automated prec is ion scanners are commercially ava i lab le ;  however, due to the 
minimum spot s ize which can be achieved wi th a v id icon scanner, I t  is impossible 
to scan in one step the en t i r e  area of the frame wi th  the reso lu t ion required 
fo r  accurate measurement of the gr id  parameters. A typ ica l  scanner has a scan 
standard of  720 l ines,  w i th  no in te r lace ,  and each l i ne  is d iv ided in 890 
separately resolvable points .  This corresponds to a 'ma t r l x  o f  approximately 
30 separately resolvable points fo r  m i l l ime te r  of  the frame of  the f i lm .  
As shown in the previous sect ion a typ ica l  g r id  image contains approximately 
50 l ines per m i l l ime te r .  Thus, to achieve the required reso lu t ion a magni f i -  
cat ion from one to two orders of  magnitude Is requle@d in the p ro jec t ion  of  
the gr id  images on the screen of  the v id icon.  As a consequence g r id  images 
d i s t r i bu ted  over a large area of  the f i l m  frame must be scanned independently 
and, also the image of  the 150 l ine  g r i d ,  l i ke  the one used in th is  program 
may have to be scanned in two separate steps. 

Based on these considerat ions the f o l l c~ ing  funct ions muSt~be performed In the 
automated scanning process: 
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FIGURE 21. SCHEMATIC OF CAMERA ARRANGEMENT 
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(a) Scan the f u l l  area of the Ind iv idual  frame 
to locate each gr id  Image 

(b) Magnify the frame and br ing the Image of each 
gr id,  or f rac t i on  of g r id ,  in to  the f i e l d  of  view 
of  the v id icon scanner 

(c) Scan each gr id  image and measure the geometrical 
parameters of the gr id  images, inc luding the 
r e l a t i v e  pos i t ion  and o r i en ta t i on  of the various 
gr ids 

Automated scanners are ava i lab le  which can be programmed to select  a predeter-  
mined pos i t ion  of the frame. However, they are not d i r e c t l y  app| icab|e to 
th is  p a r t i c u l a r  problem because the to ta l  area of the gr id  images is a r e l a t i v e -  
ly small f rac t i on  of  the frame area and, in add i t ion ,  the pos i t ion  of each gr id  
image may s h i f t  subs tan t i a l l y  in a f i lm  due to the changes of model p i tch  during 
the tes t .  I t  must be kept in mind that a typ ica l  .5 secs dwel l ing time of  the 
f i lm  frame in f ron t  of  the scanner lens is required before the scanning of  the 
frame may s t a r t .  This time must be added to the time required to mechanical ly 
move and lock the frame in f ron t  of  the scanner. Thus by subdiv id ing the frame 
in a matr ix  of  adjacent areas, and by scanning independently each area In order 
to locate each gr id  image, an in to le rab le  amount of time would be spent In the 
image processing. 

I t  appears then that  the best approach which minimizes the scanning time is a 
combination of  low magni f icat ion scanning which locates each gr id  image and 
providesa, coarsemeasurement of  i t s  pos i t i on ,  fol lowed by a high magni f icat ion 
scanning which accurate ly  measures the parameters o f  each gr id  Image. The 
pos i t ion  of  the frame during the high magni f icat ion scanning would be con t ro l led  
by the output of  the low magni f icat ion measurement. 

The scanning process could .then be accomplished by using two independent scanners: 
a f i r s t  scanner whose magni f icat ion is such that the en t i r e  frame is contained 
w i th in  the f i e l d  of  view of  the v id icon,  fol lowed by a high magni f ica t ion 
scanner wi th a programmable stage con t ro l led  by a mini-computer tnodule to scan 
the ind iv idua l  gr id  images. Apart from the complexity of  the independent 
scanners the main disadvantage of  th is  approach is that  a f i lm  frame has to 
move from the f i r s t  to the second scanner over a minimum distance of  the order 
o f  10 to 20 frames. 

A second so lu t ion  would make use of a s ing le scanner wi th a programmable stage 
equipped wi th two op t i cs ;  a low magni f icat ion opt ics covering the en t i r e  frame 
which would be automat ica l ly  replaced by a high magni f icat ion opt ics  fo r  the 
scanning of  the ind iv idua l  gr id  images. This second so lu t ion  appears to pro- 
vide the most appropr iate approach. The scanning system would then be, .bui l t  
according to the schematic of Figure 422) and the en t i re  process would proceed 
as fo l lows:  
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(a) 

(b) 

(c) 

(d) 

(e) 

A f i lm  t ransport  mechanism advances the 35 mm f l lm  
and locks a frame on a programmable stage into the 
f i e l d  of view of  the low magni f icat ion lens of  the 
scanner. The stage is con t ro l led  in such a way 
that the center of the frame ls posi t ioned on the 
axis of  the op t ica l  system and the en t i r e  frame is 
contained w i th in  the f i e l d  of view of  the v id icon tube. 

A f te r  a .5 secs dwel l ing time of  the frame in f ron t  of  
the lens, the frame is scanned. A typ ica l  scanning 
time f igure  is 100 ms. in th is  f i r s t  operat ion the 
magni f icat ion of  the lens is too low to resolve the 
l ines of  the gr id  images and only the gross features 
of  each gr id  image can be detected. For instance, 
the pos i t ion  of the l e f t  hand side corner of  each 
gr id  image in the frame is i d e n t i f i e d  by the scanner 
and the corresponding coordinates are stored in the 
memory of a mini-computer module. The maximum e r ro r  
in measuring and d i g i t i z i n g  these reference points 
would be of the order o f  10 l ine  spacings. 

The low magni f icat ion lens of tbe scanner is replaced 
by the high magni f icat ion lens. The time required to 
machanicaily switch the opt ics of the scanner is 
estimated at about I sec or lower. 

As the opt ics of the scanner is being switched, the 
output of  the mini-computer module provides the signal 
which contro ls  the pos i t ion  of  the programmable stage 
and the frame is moved in such a way as to place one 
of  the gr ids reference points w i th in  the f i e l d  of  view 
of the high magni f icat ion lens. The pro jected time 
fo r  a l t e r i n g  the pos i t ion  of  the programmable stage 
from One reference point  to the next is about I sec 
or lower. Thus the ]ocking of  the stage at the f i r s t  
reference point  would occur during the in terva |  of  
time required to switch the opt ics of  the scanner. 

A f te r  a dwel l ing time of .5 secs, the Image of the gr id  
(or f rac t i on  thereof)  is scanned in approximately 100 ms, 
The output of  the high magni f icat ion scanning is fed to 
a ca lcu la to r  which ext racts  the required d i g i t a l  data, 
i . e . ,  p o i s i t i o n  of the gr id  image reference po in t ,  
o r i en ta t i on  of the gr id  image axis and d i s t r i b u t i o n  of 
l ine  spacings along the gr id  image ax is .  
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(f) Upon completion of the scanning of the f i r s t  gr id 
image, the programmable stage brings the reference 
point of the second grid image wi th in the f i e l d  of 
the view of the scanner, and the process of scanning 
and d i g i t i z i n g  is repeated. The ent i re  procedure is 
then repeated for a l l  the gr id images contained in 
the frame. Assuming for  instance a total  number of 
s ix grids per frame and a scanning of each gr id in 
two sections, the total tlme required to scan and 
digitize each frame of the film would be approximately 
21 secs. Thus with a 2.5 sec run time and a camera 
speed of 180 frames per second, the scanning and 
digitizing of all the frames of the film would be 
performed in approximately 2.5 hours. 

(g) Upon completion of the high magnif ication scanning, 
the fol lowing frame is moved into the programmable 
stage which again posit ions the center of the frame 
on the opt ical  axis and at the same time, the optics 
of the scanner is switched back to the low magnifica- 
t ion lens. The ent i re  scanning procedure of the new 
frame is then repeated. 

In th is approach the programmable stage has only the two t rans la t ional  degrees 
of freedom which correspond to the x, y axes of the f i lm frame. Thus the 
angle between the axis of the grid image and the axis x of the reference system 
would be extracted from the measured values of the x, y coordinates of the 
center points of each l ine of the grid image. 

A c r i t i c a l  point of the high magnif ication scanning and d i g i t i z i n g  process is 
how the reference system of x, y coordinates can be established with the required 
precision for eachportiQn of a frame and for the ent i re  sequence of frames of 
the f i lm.  I t  is apparent that the posi t ioning of the reference point of the 
f i r s t  gr id image in f ront  of the high magnif ication lens is performed with a 
precision l imited by the resolut ion of the low magnif ication scanning process. 
In p r inc ip le  this would be of no consequence since in each frame only the 
re la t ive  posi t ion of the various grid images is of  importance. The problem 
could then be solved by cont ro l l ing  the x, y posi t ion of the programmable stage 
with a precision consistent with the resolut ion of the high magnif ication 
scanning. In this procedure, each time the programmable stage is moved to scan 
another port ion of the f i lm frame, i ts posit ion-has to be measured with high 
precision and the measurement must be added to the output of the high magnifica- 
t ion scanning, in order to obtain the exact posi t ion and or ienta t ion of the gr id 
images re la t ive  to each other. I t  follows that i f  the re la t ive  posi t ion of each 
gr id image has to be determined wi th in a f ract ion of the l ine spacing (say, for  
instance one tenth of the l ine spacing) a precision bet ter  than 2p is requ|red 
in the mechanical control and measurement of the posi t ion of the programmable 
stage. 
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A simpler so lu t ion  which does not require the high prec is ion control  of  
the stage and e l iminates the associated mechanical and e lec t ron i c  problems, 
is o f fered by superimposing the images of reference points on the f i lm  frame 
at the same time that the images of  the gr ids are taken. This can be accom- 
p l ished as shown in Figure (21) where a beam s p l i t t e r  is used to superimpose 
the image of  a matr ix  of  reference points on the frame of the f i lm .  

Within the expected range of d i s t o r t i ons  of  a test  model the maximum disp lace-  
ment and ro ta t ion  of each gr id  image in a frame of the f i lm  should be w i th in  
the dimensions of  the gr id  image i t s e l f .  Thus, the matr ix  of  reference points 
should have a period of the reference point  of the same order o f " the  dimensions 
of  the gr id  image. A va r ie t y  of geometrical shapes of the matr ix  reference 
points could be selected. The most convenient shape appears to be a c i r c u l a r  
dot, which has the advantage over other shapes of  s imp l i f y i ng  the problem of 
locat ing the center of  the dot in the scanning process. The reason Is that 
as the scanning spot of  the scanner moves on a hor izonta l  l i ne  tangent to 
the c i r c u l a r  dot image, the pos i t ion  of the center of  the dot is au tomat ica l ly  
determined by e i t he r  adding or subt ract ing to the ve r t i ca l  coordinate of the 
l ine  the known va lue 'o f  t h e d o t  radius. This is t rue regardless of  the o r i en ta -  
t ion  of  the f i lm  frame on the programmable stage. Consequently, the super- 
imposi t ion of such a matr ix  on the f i lm  frames not only provides the frame of  
reference of  the gr id  images, but also el iminates the need of an extremely 
accurate reg is ta t i on  of the f i lm  on the stage. 

A problem of ambiguity in i d e n t i f y i n g  the same reference point  in two d i f f e r -  
ent frames of the f i lm  could ar ise i f  there is a substant ia l  change in pos i t ion  
of the gr id  image. This problem is eas i l y  e l iminated by a simple coding of  the 
reference points l i ke ,  fo r  instance, by se lect ing d i f f e r e n t  diameters of  the 
reference dots at a l te rna te  points of the matr ix .  Figure (23) shows an example 
of such a method obtained beam s p l i t t e r  arrangement. 

The schematic of  Figure (22) presents the basic system components required to 
implement the measuring and d i g i t i z i n g  process. The system is composed of  two 
major groups: the 35 mm Cinescan and the Image Analyzer. 

The 35 mm Cinescan would be f i t t e d  wi th a high speed forward and reverse f l u x  
t ranspor t  mechanism and s ingle frame automatic stopping. In add i t ion ,  th is  
un i t  would move the programmable stage to proper ly  pos i t ion  each grat ing image 
w i th i~  the f i e l d  of view of  the high magni f icat ion lens. The input to the 
c o n t r o l l e r  of  the t ransport  mechanism is provided by the programmer un i t  of  the 
Image Analyzer and the input for  the pos i t ion  control  of each frame is provided 
by the mlnl-computer. Figure (22) shows the two lenses on the lens t u r r e t ,  one 
to image the f u l l  35 mm frame and the second, wi th approximately 30 magnif ica- 
t ion ,  to image each of the gr ids .  The se lect ion of  the lens t u r r e t  pos i t ion  is 
made wi th  a c o n t r o l l e r  un i t  whose input is provided by a programmer un i t  of  the 
Image Analyzer.  
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The electronic scanning of each image is control led by the Image Analyzer 
Programmer. Th~ scanning l ine is oriented along the x-axis and moves in 
the y-d i rect ion as shown schematically in Figure (23). Thus, the posit ion 
of each l ine of the image is obtained by the measurement of the posit ion of 
both upper and lower points of contact of the grid l ine with the scanning 
l ine. Also, the positions of the points of contact of the reference c i rcu la r  
dots with the scanning l ine is measured. The separation between data of the 
grid lines and data of the reference points is automatically achieved with a 
pattern recognition module which makes use of the value of the ra t io  of area 
to the square of the perimeter of both images. 

The x, y data of the grid ilnes and reference points are fed to the mini- 
computer by means of an interface unit of the Image Analyzer. The slope 
of the grid image, i . e . ,  the angle ~ of the grid axis with respect to the 
x axis is obtained from the coordinates of the contact points of the scanning 
lines with the grid l ines. The computer then compares the spacing of the grid 
lines along the grid image axis, from which both average values k. and (dk/dR) i 
are obtained. Also the positions of the centers of the referenceldots are 
computed from the coordinates of the points of contact of the dots with the 
scanning i lne. A11 these data are stored on magnetic tape for subsequent 
calculations of grid posit ion pr ior  to the test and grid displacement during 
the test. In addit ion, the mlni-computer provides the posit ion of the grid 
images to the cont ro l ler  of the programmable stage to properly locate the 
high magnification f ie ld .  

The 35 mm Cinescan is a special unit which would be bu l l t  for this speci f ic  
appl icat ion. A commercial high precision Cinescan would be modified to 
include the electro-mechanical controls of the lens tu r re t  and the stage 
posit ion. The components Of the Image Analyzer are commercially avai lable 
with the exception of the interface module to feed the analyzer output to 
the minicomputer. A typical analyzer, capable of performing the aforem 
mentioned function is the Quantimet 720 manufactured by Image Analyzing 
Computers, Inc. A mini-computer which could be used in the approach of 
Figure (22) is the DEC PDP 11/05, including DEC Cassette, DEC Writer, 
DR l ib  Interface Card, CAPS II Software and 16 K Core, 

A test of the automated scanning process was performed In the Quantimet 720 
system, using commercially available modules of the system, and by manually 
cont ro l l ing the f i lm frame posit ion on the microscope stage. The purpose of 
this test was to ver i fy  the va l i d i t y  of the approach described in this sec- 
tion and, in par t icu lar ,  to determine the optimum image magnification of the 
scanner required to achieve the desired resolution. 

iFigure (24) shows the Image of a test grid observed on the video monitor of 
the Quantimet 720 System, Figure ~24a) presents the image of the test grid 
alone, and in Figure (24b) superimposed to the grid image is the Variable 
frame which moves ve r t i ca l l y  through the image to perform the electronic 
scanning. Figure (25) shows a fract ion of the grid image obtained with high 
magnification of the scanner. The number shown on the r ight hand side of the 
video screen is the location of the scanning variable frame and the number 
shown on the le f t  hand side is the number of l ines of the grid image contained 
within the variable frame which are automatically counted by ¢he~analyzer 
module of the Quantimet system. 
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FIGURE 24. GRID IMAGE OBSERVED ON THE SCREEN OF THE 
VIDEO MONITOR OF THE QUANTIMET 720 SCANNER 
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FIGURE 25. ENLARGED IMAGE OBSERVED ON THE VIDEO MONITOR 
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4.4 CONCLUSIONS 

The results presented in Chapter 3 show that the specified resolution and 
precision are achieved wlth the recommended format of the camera system 
and with available commercial f i lm.  Both the optical arrangement and the 
electronic scanning system described in this chapter appear to provide the 
simplest approach to the automated analysis of the images obtained In the 
specified experimental conditions of the HI RT f a c i l i t y .  Al l  the basic 
components of the camera, and scanning and d ig i t i z i ng  system are avai lable, 
with the exception of the electro-mechanical device required to switch the 
Image scanning process from the preliminary low magnification phase to the 
high magnification, high precision, phase. The construction of the switch- 
ing device would be accomplished by modifying exist ing components to adapt 
them to this par t icu lar  appl icat ion. 

The precision achieved in the measurements performed during the present 
program is consistent with the maximum resolution attainable with the 
recommended format and f i lm.  I t  follows then that an Increase in the 
precision of the ~easuring system could be achieved i f  the f ie ld  of view 
of the camera were l imited to a f ract ion of the dimensions specif ied for 
the present program. By Increasing the focal length of the camera lens, 
the number of lines per mi l l imeter of the grid image decreases and con- 
sequently the precision of the measurement of the geometrical parameters 
of the grid Images increases. This obviously means that to Increase the 
precision of the measurements only a fract ion of the specified test surface 
area could be observed at each instant of time. No other changes would 
then be required in the measuring system and the photographlc data would be 
collected by subst i tut ing a long focal distance lens to the one used In the 
present.program and by aiming thecamera to the region of the test surface 
where the measurements have to be performed. 
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